Stem cells, which are clonogenic cells with self-renewal and multilineage differentiation properties, have the potential to replace or repair damaged tissue. We have directly isolated clonogenic human central nervous system stem cells (hCNS-SC) from fresh human fetal brain tissue, using antibodies to cell surface markers and fluorescence-activated cell sorting. These hCNS-SC are phenotypically 5F3 (CD133) ؉ , 5E12 ؉ , CD34 ؊ , CD45 ؊ , and CD24 ؊/lo . Single CD133 ؉ CD34 ؊ CD45 ؊ sorted cells initiated neurosphere cultures, and the progeny of clonogenic cells could differentiate into both neurons and glial cells. Single cells from neurosphere cultures initiated from CD133 ؉ CD34 ؊ CD45 ؊ cells were again replated as single cells and were able to reestablish neurosphere cultures, demonstrating the self-renewal potential of this highly enriched population. Upon transplantation into brains of immunodeficient neonatal mice, the sorted͞expanded hCNS-SC showed potent engraftment, proliferation, migration, and neural differentiation.
neural ͉ transplantation ͉ clonogenic ͉ self-renewal ͉ differentiation A lthough much is known about the development of the brain during embryonic life, the pathways and lineages that neural precursors take in neurogenesis during development and adult life are only partly understood (1) . Until recently, it was unclear whether neurogenesis proceeded like hematopoiesis, i.e., from pluripotent clonogenic stem cells that both self-renew to produce multipotent progenitors and give rise to progressively more committed progeny (2) , or if some other developmental hierarchy, not including stem cells, was operative. Recently, long-term cell culture systems have been developed for rodent and human central nervous system (CNS) cells that continuously propagate a heterogeneous population of early neural stem and͞or progenitor cells. CNS neural stem͞progenitor cells can grow either in monolayers on substrate-coated tissue culture plates (3, 4) or as self-adherent complexes of cells, forming clusters known as neurospheres (5, 6) . In both culture systems, these cells maintain the capacity to produce the three main mature cell classes of the CNS: neurons, astrocytes, and oligodendrocytes (6, 7) . In vivo analysis of transplanted cultured rodent cells shows engraftment, migration, and site-specific multilineage differentiation in mice and rats (8, 9) . Human long-term cultured neurosphere cells show similar engraftment, migration, and site-specific differentiation upon transplantation into immunosuppressed rats (10) . These rodent and human studies suggest that the neural cultures support the growth of stem cells and͞or progenitors capable of engraftment and differentiation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Recently, Roy et al. (13) showed that human primitive progenitor cells from the dentate gyrus of adult hippocampus can be selected by transfecting them with the reporter green fluorescent protein gene driven by the nestin enhancer. However, the direct isolation of human neural stem cells from fresh tissues through the identification of cell surface markers and fluorescence-activated cell sorting (FACS) of either the central or peripheral nervous system, to our knowledge, has not yet been reported.
In the past decade, hematopoietic stem and progenitor cells have been identified by using mAbs against cell surface markers for enriching rare subpopulations that are clonal self-renewing and multipotent stem cells (15, 16) or oligopotent progenitors (17, 18) . This strategy was used successfully to isolate rat peripheral nervous system stem cells (14) and, as we report here, to identify and isolate a candidate human CNS stem cell (hCNS-SC). The mAb 5F3 recognizes the CD133 antigen. ¶ Antibodies to CD133 define a five-transmembrane protein and have been used to enrich for human hematopoietic stem cells (19) . Here we show that mAbs 5F3 and the novel mAb, 5E12, detect a distinct subset of human fetal brain (FBr) cells. FACS using these mAbs results in a subset of human CD133 (10) . These cells also demonstrated continued self-renewal, migration, and neural differentiation for at least 7 months. Generation of Novel mAbs. mAbs to human neural cells were produced by using a previously described decoy immunization strategy (19) . BALB͞c mice were immunized in the left footpad with decoy human peripheral blood mononuclear cells and in the contralateral footpad with enzyme-dissociated human FBr. The right popliteal lymph node cells were fused with mouse SP2͞0 cells. This fusion resulted in 1,900 hybridoma-positive wells. Approximately 180 hybridomas were selected, expanded, and further tested for specific reactivity to surface epitopes on human FBr cells. 
Materials and Methods
, were sorted. FACS preenrichment of CD133 ϩ cells followed by a second round of cell sorting resulted in a distinct CD133 ϩ population (second panel). In all subsequent experiments, both CD133 Ϫ and CD133 ϩ subsets were sorted twice, resulting in CD133 Ϫ and CD133 ϩ FBr cell fractions with high purity (right two panels). 
Assay for Neurosphere-Initiating Cells (NS-IC).
Sorted FBr cells were cultured either as described (7) or in neurosphere initiation medium consisting of Ex Vivo 15 (BioWhittaker) medium with N2 supplement (GIBCO), fibroblast growth factor-2 (20 ng͞ml), epidermal growth factor (20 ng͞ml), lymphocyte inhibitory factor (10 ng͞ml), neural survival factor-1 (Clonetics, San Diego), and 60 g͞ml N-acetylcysteine (Sigma). Cultures were fed weekly and passaged at Ϸ2-3 weeks. In some cases, sorted FBr cells were resorted, and different numbers of cells were deposited by the automated cell deposition unit into 96-well plates to evaluate directly the frequency of precursors that initiate neurosphere cultures. Plates were fed weekly, and wells were scored for neurosphere growth at 6 -8 weeks. Linear regression analysis of the proportion of negative wells at each cell concentration was used to determine the frequency of NS-IC (20) .
Differentiation Conditions. Neurosphere cells were harvested, dissociated, and cultured with differentiation medium [Ex Vivo-15͞N2͞N-acetylcysteine͞brain-derived neurotrophic factor (10 ng/ml)͞glial-derived neurotrophic factor (10 ng/ml)͞laminin (1 g/ml)] on polyornithine-coated chamber slides. After 1-2 weeks, chamber slides were fixed with 4% paraformaldehyde in PBS and stained to detect differentiation into neurons and astrocytes, with mAbs against ␤-tubulin III (1:200; Sigma) conjugated with Alexa 488 (Molecular Probes) and glial fibrillary acidic protein-Cy3 (GFAP-Cy3) (1:1,000; Sigma).
Transplantation of CD133 ؉ Sorted͞Expanded Neurosphere Cells into
Neonatal NOD-SCID Mice. Expanded CD133 ϩ sorted neurosphere cells at passages 6-10 were harvested and gently dissociated with collagenase. Neonatal mice (Ͻ24 h after birth) were anesthetized by placing them in ice for 5-10 min. Once cryoanesthetized, the pups were placed on a stereotaxic device and injected with 2 l of cells (ranging from 10 5 to 10 6 cells per injection) into the lateral ventricle. The injected mice were kept for 7 months before they were tested for the engraftment of human cells.
Immunocytochemical Analysis of Transplanted Mouse Brain. Seven months after transplantation, the injected mice were perfused with 4% paraformaldehyde. The mouse brains were sectioned sagitally at 5-m thickness for fluorescence microscopic analysis or at 40-m thickness for confocal microscopy (Bio-Rad MRC1024 UV confocal scanning microscope). To detect human cells in the transplanted mouse brains, sections were stained with mouse mAbs against human nuclei (1:100; Chemicon) or human neural cell adhesion molecule (N-CAM) (1:20; D.W.B., unpublished work), followed by goat anti-mouse IgG conjugated with Alexa 488 (1:1000, Molecular Probes) or conjugated with Cy-3 (1:500; Jackson ImmunoResearch). To stain lineage-specific cell populations, sections were stained with guinea pig anti-GFAP (1:250; Advanced ImmunoChemical, Long Beach, CA), rabbit anti-Ki-67 (1:1,000, Novocastra), and rabbit antityrosine hydroxylase (1:500; Pel-Freeze Biologicals), followed by donkey antiguinea pig conjugated with Cy-5 (1:250; Jackson ImmunoResearch) or anti-rabbit conjugated with Cy-3 (1:250; Jackson ImmunoResearch).
Results

Search Strategy for CNS-SC Markers.
To isolate the human CNS-SC prospectively, we used the approach that had proved successful for the isolation of several stem and progenitor cells, namely, mAb-based cell sorting of candidate regenerative cells followed by placement of the sorted cells into clonogenic assays in vitro and in vivo (2, 15, 16, 21, 22) . Because rodent and human neurospheres contain cells of both neuronal and glial lineages (6, 7), and because they contain cell populations capable of engraftment, migration, and multilineage differentiation upon injection into rodent brains (10), we tested the possibility that each neurosphere derives from a clonogenic stem cell. Thus, a cell population that at the single-cell level initiates a neurosphere could be a candidate for hCNS-SC. Initially, we sought a mAb that cleanly separated FBr into two fractions: one fraction that established a neurosphere culture and one that did not. Such candidate hCNS-SC markers should be expressed on only a minor subset of FBr cells. Enzyme-dissociated FBr and longterm cultured neurosphere cells were stained with over 50 known mAbs. CD34 and CD45 were not expressed on the neurosphere cells, whereas they were expressed in FBr on endothelial cells and blood cells, respectively. Antibody screening revealed that another hematopoietic stem cell marker, CD133 (19, 23, 24 ), was Limiting dilution assays on the above cell populations were performed and NS-IC frequencies were determined by linear regression analysis. *All sorted populations, except brain cell controls, were also gated for CD34 Ϫ CD45 Ϫ , which represent 98 -99% of FBr.
expressed on ϳ90-95% of long-term cultured neurosphere cells but only on 1-6% of FBr cells derived from 16-to 20-gestationalweek tissue (Fig. 1b) . Histochemical analysis of FSC tissue sections with the anti-CD133 mAb 5F3 showed staining of the ventricular zone surrounding the central canal, the roof plate, and the floor plate (Fig. 1a) .
We also identified two mAbs, 5E12 and 8G1, by generating hybridomas to human FBr cells. The mAb 5E12 costained CD133 ϩ FBr cells (Fig. 1b) and showed a staining pattern similar to that of 5F3 on FSC sections (Fig. 1a) . 5E12 recognized a protein of ϳ125 kDa, which, based on its tissue distribution pattern and molecular mass, appears to be different from CD133 (D.W.B., unpublished observation) and therefore appears to be novel. In contrast, the mAb 8G1 stains the majority of total FBr cells (80-90%) at high levels; among the CD133 ϩ cells, 8G1 expression is heterogeneous (Fig. 1b) (Fig. 1b) . Immunoprecipitation and blocking studies determined that 8G1 recognizes the human CD24 heat-stable antigen (D.W.B., unpublished observation). Ϫ subset, the NS-IC frequency dropped to 1͞4,860 cells. In contrast, NS-IC activity was highly enriched in the CD133 ϩ subset, with a frequency of 1͞32 cells (Fig. 2a) . The NS-IC frequencies from eight different FBr samples (16-20 gestational weeks) were evaluated and are summarized in Fig. 2 b and c subset. Thus, CD133 ϩ cells contained virtually all NS-IC activity but were still heterogeneous; more potent NS-IC activity was enriched in the subset of cells that expressed negative to low levels of CD24. These data suggest that the CD133 ϩ CD24 hi cells could represent a subset of multipotent progenitor cells, such as the short-term or long-term stem cell subsets defined for the hematopoietic system (16, 25) Clonal Neurosphere Expansion, Self-Renewal, and Differentiation from Single CD133 ؉ -Sorted Cells. The limiting dilution analysis (Fig. 2b) shows a linear correlation between the number of cells plated and the log percentage negative wells (20, 26) , indicating that a neurosphere is generated from single CD133 ϩ -sorted cells. To confirm the clonality of neurospheres, single FBr-derived CD133 ϩ -sorted cells were directly plated into wells of a 96-well plate with a FACS-automated cell deposition unit. After 8 weeks, about 5-10% of wells contained one neurosphere, confirming that neurospheres are derived from single CD133 ϩ -sorted cells (Fig. 3a) . When plated in medium with the growth factors, brain-derived neurotrophic factor and glial-derived neurotrophic factor, each of these clonally derived neurospheres differentiated into neurons and astrocytes (Fig. 3b) .
We tested NS-IC self-renewal activity by examining the replating activity of single viable cells from the CD133 ϩ -sorted͞expanded neurosphere cells. Nine of 96 wells had a single neurosphere in one experiment. Cells derived from neurosphere cultures initiated from CD133 ϩ -sorted cells could consistently reinitiate the formation of secondary neurospheres, as shown in Fig. 2c . Cells from the primary neurosphere that became CD133 Ϫ failed to reinitiate secondary neurosphere cultures (data not shown). Together, the data suggest that the mAb against CD133 marks cells that can self-renew. (Figs. 4 and  5 ). Human cells, detected with an anti-human nuclear antibody, were found throughout the brain of mice transplanted with sorted͞expanded human neural cells and were abundant in the SVZ 7 months after injection. Confocal microscopy indicated that most of the human cells were GFAP Ϫ , but occasional human GFAP ϩ cells also were detected (data not shown). Because stem͞progenitor cells in the SVZ have been shown to proliferate continuously, it was important to test whether progeny of the transplanted human CD133 ϩ sorted͞expanded neurosphere cells were still proliferating in situ and coexpressed the proliferation marker Ki-67, expressed on cells in late G 1 ͞S͞G 2 ͞M phases (27) . As shown in Fig. 4 a-c, a cluster of human cells in the SVZ, nested in GFAP ϩ cells, coexpressed Ki-67; like their mouse counterparts, these cells continued to proliferate 7 months after transplantation in the SVZ.
Potent Engraftment Ability of CD133
In the olfactory system of rodents, the progeny of stem͞pro-genitor cells that have proliferated in the SVZ enter the rostral migratory stream (RMS) and migrate to the olfactory bulb (8, 9) . These endogenous rodent progenitors, the ''chain of neuroblasts'' in the RMS, express both ␤-tubulin III and N-CAM (10, 28) . Large numbers of human cells were detected in mice transplanted 7 months previously with CD133 ϩ -sorted neurosphere cells, beginning in the SVZ and extending throughout the RMS (Fig. 4 a-c, e) . Multiple cells were identified that were double positive for both ␤-tubulin III and the human nuclear antigen (Fig. 4e, arrow and Inset). In addition, many of these cells in the RMS expressed the human specific marker N-CAM (data not shown).
After migrating through the RMS, the progeny of stem͞pro-genitor cells enter the olfactory bulb and extend toward the olfactory glomerulus to the periglomerular layers (8, 9) . The transplanted progeny of human cells distributed into the glomerular as well as the periglomerular layers. Some of these cells expressed human N-CAM, indicating that they were committed to neuronal lineages (Fig. 4f ) . In a few instances, human dopaminergic neurons, defined by tyrosine hydroxylase expression, were observed (Fig. 4g) .
Another critical site where neurogenesis takes place in adult life is the dentate gyrus of the hippocampus (29) . We found numerous human cells in the dentate gyrus of the hippocampus. Some of the human cells in the subgranular cell zone coexpressed Ki-67, indicating that they were still able to proliferate 7 months after transplantation (Fig. 5 a-c) . Distinct ␤-tubulin III ϩ human cells also were detected that had long axonal processes extending toward the hilus of the hippocampus, as expected for developing granular neurons (Fig. 5d) . These results indicate that not only do these sorted͞expanded hCNS-SC engraft, migrate, continue to proliferate, and differentiate, but, furthermore, their behavior and cell fate are regulated by host cues in a site-specific manner. In no case did the injected cells form tumors even 1 year after transplant into immunodeficient SCID mice. 
Discussion
Previously, studies with rodent neural cultures showed that retroviral-marked clones could self-renew and differentiate (30) . These cells and rodent CNS-SC monolayer cells or v-myc immortalized rodent neural cells engraft, migrate, and differentiate appropriately upon intracerebral transplantation (9, 31 
CD45
Ϫ cells that we define as the hCNS-SC. In vitro, these rare cells can initiate neurosphere cultures and differentiate into neurons and glia. It has been reported that the incidence of differentiation to human oligodendrocytes is very rare (32) . The rarity of detectable oligodendrocytes could be because stem cells do not readily differentiate toward that lineage, or it could be that the markers of human oligodendrocytes are inadequate both in vivo and in vitro. The latter seems possible, as in vitro cells with oligodendrocyte morphology have been detected in cultures of our human stem cells. More recently, our transplant data suggest that the progeny of human neurosphere cells were found in the fimbria of the hippocampus of engrafted mice, with oligodendrocyte-like morphology. Upon transplantation to the lateral ventricles of NOD-SCID newborn mice, this rare subset of sorted, then expanded, CD133 ϩ neurosphere cells engraft for at least 7 months and give rise to progeny that migrate and differentiate. Some grafted human cells continue to proliferate (i.e., express Ki-67 ϩ ) in the SVZ and dentate gyrus, where counterpart mouse neural cells undergo the same events.
Rodent neurogeneic cells and ES cells grown in vitro can give rise to neurons and glia (33) (34) (35) (38) . In apparent contradiction, SVZ GFAP ϩ cells rather than ependymal cells were concluded to be rodent CNS-SC for the RMS-to-olfactory pathway (39, 40) . We could not access fresh human adult brain tissue to determine the anatomical location of candidate adult CNS-SC.
Are there other CNS-SC candidates in the human FBr? The data in Fig. 2b and Table 1 demonstrate that there are no other detectable NS-IC cells outside of the CD133 ϩ subset in the human FBr, but this does not mean that there are no other cells in the human fetal or adult brain that have CNS-SC activity, or no other progenitors that might engraft. It is not yet known which cells-stem cells or oligolineage-committed progenitors or even mature cells-engraft best in the brain. The transplant efficiencies of hCNS-SC versus highly enriched progenitors or mature cells in biological and preclinical models have yet to be addressed.
It is striking that the progeny of transplanted hCNS-SCderived neurosphere cells could be found adjacent to ventricular spaces, and in the hippocampus, cerebral cortex, and the corpus callosum, as well as in the cerebellum, and in the SVZ, along the RMS, and within the olfactory bulb in and near the olfactory glomeruli. Previous experiments by Snyder et al. (31) using v-myc immortalized mouse and human neural cell lines demonstrated this wide (''global'') distribution of cells, and here we show that this distribution is a property not only of myc immortalized cells of murine origin but also of nongenetically modified hCNS-SC that have been considerably expanded in culture.
When analyzed 7-12 months after transplant, these hCNS-SC appeared to still respond to host microenvironmental cues and were not neoplastic. Therefore, these cells are likely to reveal developmental and functional pathways inherent in human neuronal systems not modified by the functions of oncogenes or already neoplastically transformed cell lines (11, 41, 42) . The prospective isolation of human CNS-SC provides several opportunities to delineate directly the lineages that derive from cells at a particular stage of differentiation, to obtain a gene expression profile of hCNS-SC, and their immediate downstream progeny in vitro or in vivo, and to test whether specific gene modification of the cells alters their engraftment, migration, differentiation, and͞or functional integration. Finally, the prospective isolation of hCNS-SC should allow the transplantation of these cells in mouse analogues of human disease (11, 31) as preclinical tests for their transplantability, differentiation ability, and lack of tumorigenicity.
